When exposed to an Ar laser at 514 nm, azo-dye molecules in a nematic liquid-crystal host undergo photoisomerization from trans-isomers to cis-isomers. The conformation change of the azo-dye molecules reorients liquid-crystal molecules. Reversible polarization holograms can be recorded dynamically by this effect, with a threshold intensity as low as 3.0 mW/cm 2 and a response time from a few hundred microseconds to 100 ms, depending on the spatial frequency of the recorded grating.
The development of practical optical holographic devices requires sensitive and fast dynamic holographic recording media. Organic molecules have attracted particular attention. Examples include azo-dye molecules in polymer hosts,' pure nematic liquid crystals, 2 and polymeric liquid crystals. 3 Here we describe real-time holography in azo-dye-doped nematic liquid crystals. Our motivation is to find novel materials for dynamic holography. The attraction of the materials that we consider is the photosensitivity of the azo-dye molecules and the large birefringence of the liquid-crystal molecules.
We have recorded holograms by introducing Methyl Red sodium salt, 4-dimethylaminoazobenzene-2'-carboxylic acid (from Sigma), which is an azo-dye molecule, into 4'-pentyl-4-biphenylcarbonitrile (PCB, from Aldrich), a nematic liquidcrystal host. The Methyl Red molecules are known to undergo cis-trans-photoisomerization. 4 At room temperature, the trans-isomer is stable. However, the molecular conformation changes to the cisisomer when exposed to light polarized along the extended trans-form.
In darkness, or when exposed to light at a wavelength outside the absorption band of the trans-isomer, the cis-isomer relaxes back to the trans-state. The response times of the cis-trans and trans-cis transformations depend on the free volume around the azo-dye molecules as well as the interaction between the host molecules and the azo-dye molecules. Our sample cell is composed of planarly aligned nematic PCB liquidcrystal molecules doped with approximately 1% Methyl Red molecules. The thickness of our sample cell is 100 ,um, which is controlled by Teflon spacers. Superglue seals the glass sample cell substrates and spacers. Planar alignment of nematic liquid-crystal molecules is achieved by depositing a thin layer of polyvinyl alcohol and then rubbing the sample unidirectionally with a soft cloth. Methyl Red-doped liquid crystal is injected into the sample cell by capillary action. We check the alignment with a polarized optical microscope. Figure 1 shows absorption spectra for light polarized both parallel and perpendicular to the molecular director of nematic liquid crystals. The strong anisotropy exists because the liquid-crystal and azodye molecules are well aligned. The absorption peak at 500 nm corresponds to the trans-isomer, where an n-rr* electronic transition exists. The cis-isomer has a rr--r* electronic transition, which is on the short-wavelength side of the trans-absorption peak and adjacent to it. The absorption peak at approximately 330 nm corresponds to the liquidcrystal molecules. We performed a series of dynamic transmission measurements with three different probe wavelengths: 633, 514, and 337 nm. A 514-nm Ar laser beam was used as a pump beam in each case. The transmission increases when the pump beam is switched on at 633 and 514 nm. For the 337-nm probe, however, the transmission decreases when the pump beam is switched on. The increase in transmission at 514 and 633 nm is due to a decrease in the trans-isomer absorption, and the decrease in transmission at 337 nm is due to changes in the molecular order of the nematic liquid crystals.
We perform holographic experiments as follows. A pair of 514-nm Ar laser beams is used to record a hologram in the sample cell with a writing angle 0. A 633-nm He-Ne laser beam is Bragg matched to probe the recorded hologram. The diffracted probe is detected by using a photodiode. The polarizations of the two 514-nm writing beams and of the 633-nm probe beam are controlled by half-wave plates. A mechanical shutter with a response time of 0.4 ms controls the two 514-nm beams. The diffraction efficiency is strongly polarization dependent in our samples. Figure 2 shows the diffraction efficiency measured as the ratio of the diffracted probe power to the transmitted probe power for different polarizations of the 633-nm probe beam and of the two 514-nm writing beams relative to the molecular director of the nematic liquid crystals. For curve (a) both the probe and the writing beams are polarized perpendicular to the molecular director of the liquid crystals. For curve (b) both the probe and the writing beams are polarized parallel to the molecular director. For curve (c) the probe beam is polarized perpendicular to the molecular director, but the writing beam is polarized parallel to the molecular director. For curve (d) the probe beam is polarized parallel to the molecular director, but the writing 0146-9592/92/060441-03$5.00/0 © 1992 Optical Society of America direction of the gratings. The dynamic reorientation of liquid-crystal molecules follows the theory of Ericksen and Leslie. 6 beam is polarized perpendicular to the molecular director. The angle between the two 514-nm beams is 8°, and the total intensity of the two 514-nm beams is 80 mW/cm 2 . The diffraction efficiency is strongest when the polarization of the writing beams is normal to the liquid-crystal director, even though the absorption for the parallel polarization is stronger than that for the perpendicular polarized beam. This fact argues against a purely thermal explanation for grating formation. Two mechanisms may explain the effects that we observe: photochemically driven liquid-crystal molecular reorientation and isothermal phase transitions of the liquid crystal from nematic to isotropic. 5 Both processes involve liquid-crystal molecular reorientation and are polarization dependent. The first process more or less resembles the reorientation of molecules under an applied external dc field. The reorientation of azo-dye molecules locally distorts the nematic ordering of liquid-crystal molecules. This may occur with or without isomerization. In the second process, the cis-trans transformation can create a significant local disturbance in the orientation director, such that the ordering state of the nematic liquid crystal is destroyed. This yields a phase transition from nematic to isotropic. In both cases a dynamic molecular reorientation seems to be appropriate to describe the effect. In any case, azo-dye molecules exhibit chemical changes when they interact with the light field. This results in a simple molecular reorientation and cis-trans isomerization. The large difference between the time constant for cistrans isomerization (approximately 300 ms) and the holographic response time (less than 100 ms) of our material indicates that the holographic effects that we observe are not due to azo-dye alone. Molecular reorientations involve both azo-dye molecules and liquid-crystal molecules.
Suppose that the director of a nematic liquid crystal is n. The distortion of n can be interpreted by a reorientation angle of the molecular director k = 4(x, z, t). Hlere we select a Cartesian coordinate system with the z axis along the normal of our sample cell and the x axis along the modulation 
where y is the viscous coefficient and K 1 and K 2 are elastic constants associated with splay and twist. Aa = aj 1 -a, is the macroscopic anisotropic polarizability, where a 11 and a, are the macroscopic polarizability parallel and perpendicular, respectively, to the molecular director. Since the azo-dye molecules are well aligned with liquid-crystal molecules in our samples, they do not absorb light polarized perpendicular to the director as strongly as light polarized parallel to the molecular director. Assuming that azo-dye absorption drives the anisotropic polarization in our samples, we find all >> a 1 . The last term describes the interaction of the optical field with the dipoles of the azo-dye molecules.
Again, we presume that the azo-dye molecules reorient together with liquid-crystal molecules. Suppose that the writing beams are TE (or s) polarized and that the molecular director is perpendicular to the polarization of the writing beams. The electrical field of the optical writing beams inside the sample 
where 8 is the strength of the modulated molecular reorientation grating relative to the dc component of molecular reorientation. We may adopt one elastic constant approximation, assuming that K 1 = K 2 = K. In the steady state at a small molecular reorientation angle, Eq. (1) This equation governs the photochemically induced Freedericksz phase transition, which appears in the same form as that of the light-induced Fr6edericksz phase transition. 8 As a solution, we find that the Fr6edericksz critical field Eo, of each writing beam associated with a grating is
The maximum molecular reorientation angle for the writing intensity just above the Fr6edericksz critical field is
where C is a constant of 8 and 0 < 1 -Eo 2 /Eo 2 << 1. Since the diffraction efficiency is proportional to the square of the amplitude of the perturbation hm2, it is clear that the diffraction efficiency is a strong function of the spatial frequency of the hologram recorded. A rapid decrease in the diffraction efficiency is expected as the grating spatial frequency increases.
For the dynamic holographic writing and erasing, we derive the writing time from Eq. (1):
Similarly, we find that the decaying time is
We have measured the diffraction efficiency as a function of writing-beam intensity with the polarization of both the writing and probe beams that are perpendicular to the molecular director. The In conclusion, photochemical isomerization in a nematic liquid-crystal host demonstrates an ability to reorientate liquid-crystal molecules either by a simple splay and twist in competition with the surface-stabilized planar alignment or by triggering an isothermal phase transition from the nematic to the isotropic. Sensitive polarization holograms are recorded. The typical Fr6edericksz threshold intensity is found to be approximately 3.0 mW/cm 2 .
The response time varies from a few hundred microseconds to 100 ms, depending on the spatial frequencies of the holograms.
